Thirteen adult mutant (LWC strain) Japanese quails (Coturnix coturnix japonica), between the ages of 8 and 60 weeks were examined for a progressive muscular disorder. The disorder, inherited as an autosomal dominant trait, was clinically apparent as early as 28 days of age; it was characterized by generalized myotonia, muscle stiffness, and muscle weakness. Affected birds were identified by their inability to lift their wings vertically upward and by their inability to right themselves when placed on their dorsum. Electromyographic studies in two mutant quails showed high-frequency repetitive discharges comparable to those of myotonic runs. These discharges persisted after nerve resection. The distinctive histopathologic changes in the various muscles examined were ring fibers, sarcoplasmic masses, and internal migration of sarcolemmal nuclei. A slight decrease in the size of type IIB muscle fibers and a slight increase in the size of type IIA fibers were observed in the M. pectoralis thoracicus of affected quails. In older affected birds, inter-and intrafascicular fatty infiltration with replacement of type IIB fibers by fat cells was seen in the pectoral muscles. Single fiber necrosis, nonspecific lymphorrages, and variations in the muscle fiber size and shape were also noted. The typical muscle lesions and multisystem involvement, which was manifested by testicular degeneration and atrophy in the male LWC specimens and bilateral lenticular cataracts in 6 of 13 affected mutant quails, suggest resemblance of this new inherited muscular disorder to myotonic dystrophy in man.
Several inherited muscular disorders have been described in avian species; including muscular dystrophy of the c h i~k e n ,~,~~,~I deep pectoral myopathy of turkeys, I 1,23,50,54 focal myopathy of and acid maltase deficiency (Type I1 glycogenosis) in the Japanese quai1. 26, 35, 58 Of these inherited avian myopathies, only muscular dystrophy of the chicken has been reported as myotonic."
The Laboratory of Animal Research Station of the Nippon Institute for Biological Science developed and maintains a mutant strain of Japanese quails (Coturnix coturnix japonica), which exhibits a new hereditary muscular disorder. This new strain is a result of selective breeding by repeated backcross of heterozygotes for quails that have difficulty lifting their wings (thus the name LWC strain, meaning "locked wing cross"). Breeding trials show that the disorder is inherited as an autosomal dominant trait (Table 1 ) and is homolethal (Table 2) ; the ratio of affected to unaffected offspring is 2: 1 and there is no sex predilection. The present report describes the characteristic symptoms, elec-tromyographic findings, and histopathologic lesions found in the LWC quail.
Materials and Methods

An i m a 1 s
Thirteen adult mutant (LWC) Japanese quails (Coturnix coturnix japonica) between the ages of 8 and 60 weeks were used in the present study (Table 3 ). Nine were male and four female. Seven unaffected birds, 11-58 weeks of age, were obtained from a commercial quail farm and used as controls.
Electrornyograp hy
Electromyographic activity was recorded in two mutant LWC quails (Nos. 12 and 13) using a tungsten electrodes7 with a shaft diameter of 120 pm and a tip electrolytically sharpened to a diameter of 10-30 pm. The electrode was coated with vinyl chloride, except for the very tip, and was introduced manually into the M. pectoralis thoracicus (PM) and M. femorotibialis (FT) of anesthetized LWC quails. Denervation of the FT was accomplished by resecting the N. femoralis after an electromyographic recording was made. The second electromyographic recording was taken 30 minutes after nerve resection to avoid recordings of injury discharges caused by the denervation.
Light microscopy
The birds were euthanized using an overdose of anesthetic. Samples of all major organs were collected, fixed in 10% neutral buffered formalin, embedded in paraffin, sectioned, and stained with hematoxylin-eosin (HE) and periodic acid-Schiff (PAS).
Fifteen different skeletal muscles were collected for histopathologic examination. Samples from the right side were fixed in 10% neutral buffered formalin, processed routinely, and stained with HE. Selected sections were stained with PAS and phosphotungstic acid hematoxylin (PTAH) for better visualization of ring fibers. The following muscle groups were examined: 
Histochemistry
The same muscle groups listed above were quickly removed from the left side of four LWC quails (Nos. 8-1 1) and six controls (Nos. [14] [15] [16] [17] [18] [19] mounted on slices of cork, fixed in place by a small amount of tragacanth gum, and frozen rapidly by immersing the mounted specimen in isopentane precooled in liquid nitrogen to -160 C.Io The frozen blocks were stored at -80 C until they were sectioned. Serial transverse sections (6-10 pm) were cut with a cryotome at -25 to -30 C and then mounted on glass slides coated with 0.02% neoprene in toluene. Sectioned specimens were then air dried and stored in the freezer at -30 C until they were stained.
The sections were stained for myofibrillar adenosine tri- phosphatase (ATPase) using the metachromatic dye, toluidine blue,I2 after acid preincubation at pH 4.5; for nicotinamide adenine dinucleotide, reduced form tetrazolium reductase (NADH-TR)I3; and for glycogen using the PAS technique. l 3 Sections were also routinely stained with modified Gomori trichromel6 and HE.I3
Statistics tween LWC and control quails.
The Student's t-test was used to compare the means be-
Results
Clinical evaluation
Quails are normally capable of raising their wings vertically upward (i.e., u p t o 180" from their position a t rest). Affected mutant birds were incapable of lifting their wings vertically upward (wing lift) and were unable t o right themselves when placed o n their dorsum (flip test). This inability to right themselves sometimes resulted in death when the birds accidentally flipped over. Affected birds with wing lifts of approximately 150" usually had a normal flip test, whereas a 90" wing lift indicated a negative flip test ( Table 3 ). Using both the wing lift and flip tests as criteria, affected birds were detected as early as 4 weeks of age. Continuous repetition of the wing lift movement gradually leads to a full normal 180" wing lift, referred to as the "warm up" phenomenon in man.24,41 Muscle dimpling on percussion was not observed in the LWC quails examined. Except for their inability to fly, neither muscular incoordination nor wasting was observed in affected LWC quails. Compared to age-matched controls, there was no difference in the average growth rate, weight gain, and age at maturity (age when the first egg was laid, which is approximately between 6 and 7 weeks). LWC quails, however, laid fewer eggs and eventually ceased to lay before they were 1 year old.
Electromyographic studies of the PM and F T muscles in affected LWC quails showed an increase in insertional activity and high-frequency repetitive discharges ( Fig. la) , which were of long duration and showed a gradual decrease in amplitude. Resection of the femoral nerve that supplies the FT muscle resulted in a decrease in the amplitude of the action potentials but did not abolish the myotonic discharges ( Fig. 1 b) .
Results of the serum analyses of LWC quails for lactic dehydrogenase, creatine phosphokinase, and aldolase showed extreme variations when compared with the control quails. No significant difference was observed (data not shown).
Necropsy findings
At necropsy the most striking change observed was seen in the PM. Instead of the normal reddish-brown color seen in healthy quails, the muscle was pale pink with whitish streaks in the LWC birds. The entire PM of the LWC birds was firm and coarse, as if permanently contracted. This pale discoloration was also sometimes seen in the M. supracoracoideus and M. subcoracoideus.
Compared with the normal testes of the control quails ( Fig. 2) , the decreases in the size of the testes in LWC quails ( Fig. 3) varied from slight to moderate to severe in relation to body size ( Table 4 ). The atrophy was always bilateral but asymmetric, and there was distortion of the normal elliptical or ovoid shape, yellow discoloration, and wrinkling of the tunica albuginea.
On close examination, lenticular opacities or cataracts were detected by the naked eye in six LWC birds (Nos. 1-4, 9, and 11) ( Table 3) . No other significant changes were observed in the other visceral organs.
Microscopic findings
Muscles. Histopathologic changes seen in different skeletal muscle groups from the LWC birds examined * LWC is significantly smaller than the control (P < 0.5).
were essentially the same. The muscles of the thoracic limb and the pectoral girdle ( Table 5 ) were consistently and more severely affected compared with the other muscles examined, thereby accounting for the clinical manifestations observed in affected birds. The major changes noted were ring fibers, sarcoplasmic masses, internal migration associated with an increase in the number of nuclei (central nucleation), nuclear rowing, and variation in fiber size.
The ring fibers were characterized by a rim of striated myofibrils coursing perpendicular to the long axis of the enclosed myofiber. These fibers were readily observed in transverse-section frozen samples stained with PAS and in paraffin sections stained with PTAH ( Fig.   4 ).
Phosphotungstic acid hematoxylin-negative sarcoplasmic masses ( Fig. 5 ) devoid of myofibrils were seen in the peripheral and central zones of affected muscle fibers and were often found associated with ring fibers. Nuclei found in these sarcoplasmic masses were usually large and vesicular, with prominent nucleoli. Internal migration of sarcolemmal nuclei or central nucleation with an accompanying increase in the number of nuclei was observed in all muscle groups examined and was occasionally the only abnormality present, especially in the muscles of the pelvic limb. Internal migration of nuclei was detected easily in transverse sections ( Fig. 6 ) and with a little difficulty in longitudinally sectioned fibers. Rows of four or more internally positioned nuclei (nuclear rowing) were often seen in longitudinal sections ( Fig. 7) .
Isolated solitary fiber necrosis with cellular infiltration was observed in all the muscle groups examined, except the M. Jibularis longus. Although rare, isolated split fibers, usually with internally placed nuclei, were seen in all muscle groups examined. A few whorled fibers were seen only in the severely affected M. deltoideus major of one quail (No. 6). Pyknotic nuclear clumps were rare and were seen only in severely affected muscles.
Variation in fiber size and shape ( Fig. 8 ) was observed more frequently in the muscles of the thoracic limb and pectoral girdle. This change resulted in a deviation from the normal mosaiclike arrangement of fibers within the muscle fascicle.
The distribution of ATPase and NADH activity were irregular in many LWC muscle fibers. Fiber typing revealed that muscle samples from LWC quails showed a slight decrease in the size of type IIB fibers and a slight and variable increase in size of type IIA fibers, as compared to the normal quails; these changes were often observed in the superficial fascicles of the PM (Figs. 9, 10) . Ring fibers and sarcoplasmic masses were seen in type IIA and type IIB fibers. Sarcoplasmic masses stained intensely with NADH-TR, lightly with ATPase at pH 4.5, and variably with PAS. Type I fibers were found only sparingly in the M. iliotibialis cranialis, M. iliofibularis, and deepest fascicles of the PM in both the control and LWC quails. Type I fibers apparently remained unaffected in the LWC quail, because morphologic and histochemical changes, such as ring fibers, sarcoplasmic masses, central nuclei, and abnormal ATPase and NADH staining patterns, were not observed in these fibers.
The white streaks that were observed at necropsy on the surface of the PM of myotonic LWC quails, especially in the older birds, histologically showed interand intrafascicular fatty infiltration in the superficial fascicles, with partial replacement of some of the perifascicular fibers, particularly type IIB fibers. The degree of fatty infiltration and the replacement of muscle fibers by fat cells were apparently dependent upon the age of the quail at the onset of observable clinical signs (90" wing lift and negative flip test). Neither endomysial nor perimysial fibrosis was observed in the quails regardless of the age at necropsy. No histologic changes were seen in the intrafusal fibers, intramuscular and peripheral nerves, or blood vessels found in the skeletal muscle sections. Testes. Regardless of the differences in size, the histologic appearances of the testes from LWC quails ranged from near normal to degenerative changes to complete atrophy. Compared to the testes of the control quails ( Fig. 1 l) , marked reduction in the number of germ cells, absence of active spermatogenesis, and collapse with atrophy of large numbers of seminiferous tubules were seen in the myotonic LWC quails (Fig.  12 ). Mononuclear cell infiltration into the tubules and the interstitial areas was observed in only one quail (No. 7).
Eyes. Lenticular opacities or cataracts revealed degenerating and nucleated cortical fibers, cleft and vacuole formation, and formation of eosinophilic globules (Fig. 13) . These lesions were more frequent in the anterior cortical regions and in the annular pads, although lesions found in the latter were usually more severe than those of the former. Bilateral cataracts were observed in one of the LWC quails (No. 3) that was positive for both the wing lift and the flip tests, even though muscle lesions were not present. Neither retinal nor corneal changes were observed in any of the quails examined.
Discussion
The characteristic histologic changes found in all LWC quails examined were essentially similar but showed varying degrees of severity. There was no ap- Ring fibers (also known by other names, such as striated annulets, annular fibers, or "Ringbinden"), wherein the normal orientation of the myofibrils is distorted by a bundle of myofibrils running with its axis perpendicular to the main body of the fiber, are common in myotonic dystrophy (MyD) in humans and are also observed in many chronic myopathies, especially limb girdle dystrophy in humans.13 Most ring fibers in the LWC birds were of the A type,48 in which regular bundles of annular fibrils encircle the whole periphery of the muscle fiber. Although they can be produced as artifacts of preparation, it has been suggested that type A ring fibers are formed after reinnervation ofa splitting or a newly split muscle fragment as a result of faulty or improper contact with the preexisting m y o f i b r i l~.~~ Sarcoplasmic masses consist of a region or zone in the muscle fiber, usually peripheral or subsarcolemmal, in which myofibrils and other formed elements have been de~troyed.~ They are rich in enzymes and stain intensely with succinate dehydrogenase, phosphorylase, uridine diphosphate glucose glycogen,47 and PAS, but are PAS negative after glycogen digestion. This suggests that such masses are a condensation of the sarcoplasm and not a membrane.20 Because these structures do not contain myofibrils, they remain unstained with PTAH and hemat~xylin.~' In contrast to a previous report, wherein sarcoplasmic masses observed in biopsy material from a patient with MyD stained negatively for ATPase at pH 9.4,15 the sarcoplasmic masses observed in the LWC quails reported here stained positively, albeit lightly. This may be attributed to differences in the staining method and the pH of the incubation solution used in the present study.
Ring fibers were often observed in fibers containing peripheral sarcoplasmic masses, thereby implying a possible correlation between the two lesions. It has been suggested that they are probably manifestations of the same mode of reaction of the muscle. 6 Internal migration of nuclei, with an accompanying increase in number, is most often observed at an early stage, usually before other significant changes in the muscle are recognized. In this report, internal migration of nuclei or central nucleation was considered a lesion in transverse sections only when there was an associated increase in number, because normal type IIB fibers in avian muscle usually have centrally located n~c l e i .~ Central nucleation was always evident, even in the least affected muscles in the LWC quails, such as those of the pelvic limb, where no ring fibers or sarcoplasmic masses were found.
Longitudinal fiber splitting, often associated with proliferation of internal nuclei, is common in neuromuscular disorders and is considered to be one of the factors leading to functional compensation in such diso r d e r~.~~ Although fiber splitting has been observed in the LWC quail, its rare occurrence has not permitted its origin to be properly ascertained.
In the normal avian muscle, however, type I fibers are smaller than type I1 fiber^,^ thereby making it difficult to distinguish changes in fiber size. In the LWC quails studied, the absence of fiber size disparities is probably due to the fact that the disease had progressed well into the advanced stages, which is evidenced by the presence of degenerating and necrotic fibers, cellular reaction, and phagocytosis. Variations in the size and shape of the muscle fibers, however, were seen in all the muscle groups studied.
Based on the distribution pattern of the different fiber types, a slight but noticeable decrease in the size of type IIB fibers and a slight increase in the size of type IIA fibers were observed in LWC quails. This was particularly evident in the PM, for which the distribution pattern in the Japanese quail is well documented. 28.29.4345.55 The same observation, however, cannot be made for the other muscle groups, for which the fiber distribution pattern has not yet been established. Fatty infiltration and replacement of type IIB fibers in the PM of severely affected LWC quails clearly suggest that the disease is progressive and may eventually result in the deficiency of type IIB fibers.
Cellular reactions are considered nonspecific and, like whorled fibers, they may be found in various dystrophies and chronic ne~ropathies.'~ In the dystrophic chicken, wherein the defect is inherited in an autoso-ma1 recessive fashion,2 type IIB (fast twitch a-white) muscle fibers are predominantly affected,62 whereas both type IIA (fast twitch a-red) and IIB fibers are affected in the LWC quails. Type I (slow tonic @-red) fibers, however, are spared in both the chicked2 and the LWC quail. Vacuolation of muscle fibers, described as the most prominent microscopic lesion36 in the dystrophic chicken, was absent in the LWC quail.
The major histopathologic lesions observed in the muscles of the LWC quails examined are comparable to those that have been classically described as typical of MyD in humans,13 such as ring fibers, multiple internal nuclei (usually in long chains), and sarcoplasmic masses, especially when two or more are seen in comb i n a t i~n .~~ Change in fiber size, although not pathognomonic,8 has been considered the earliest change in MyD in human^,'^,^^ with a tendency for type I fiber atrophy and type I1 fiber hypertrophy.
Testicular and lenticular changes seen in the LWC quails are also comparable to MyD in humans. Except for reduced spermatogenesis and atrophy of the seminiferous tubules, other changes noted in humans affected with MyD, such as hyalinization and fibrosis of the seminiferous tubules and hyperplasia of the interstitial (Leydig)
were not found in LWC quails. Although testicular atrophy in men was recognized early as a feature of MyD, its occurrence in relation to the muscle abnormality is still
Other than reduced fertility rates, the significance of these testicular changes in the LWC quail are still unknown.
Lenticular changes have been considered one of the most consistent extramuscular features of MyD in hu-mans. However, it is well known that some patients with severe muscle disease have only insignificant opacities, whereas others have mature cataracts at a stage when muscle symptoms are minimal or even absent. The majority of adult patients affected with MyD, however, do have lens abnormalities, and the absence of other symptoms of the disease does not preclude the diagnosis of MyD. The occurrence of cataracts as the chief or the only feature in elderly patients affected with MyD is considered to be part of the relationship between the age at onset and phenotype.24 Electromyographic recordings of myotonic LWC quails also resemble those of true myotonia in humans24 and the dystrophic ~hicken,I~J'~ and the myotonic discharges are not abolished by denervation. The alternate increase and decrease in the frequency and amplitude of the discharges, producing the frequently mentioned "dive-bomber sound," which is seen only in a minority (< 5%) of myotonia patients,46 has not been reported in the dystrophic chicken and was not observed in these LWC quails. The decrease in amplitude following nerve resection was attributed to the difference in the site within the muscle, and the position and localization of the needle electrode within the muscle fiber, when the electrode was reinserted (the electrode was removed from the original site to facilitate neurectomy) for the second reading, 30 minutes after denervation. In humans, familial neuromuscular disorders manifesting myotonia as a major clinical symptom are differentiated by clinical, electrophysiologic, and pathologic characteristics. 13,24, 42 The electrophysiologic basis of myotonia in MyD is apparently distinct from those seen in other myotonic disorders, since congenital myotonia in humans and goats and the various forms of drug-induced myotonias show reduced chloride conductance as a common feature. 31 In domestic animals, myotonia has been reported in Other than the Labrador Retrievers described by Chatburn and M e y e r~,~ none of the domestic animal models that have been reported upon has been considered an adequate or satisfactory model for M Y D .~~ Serum enzymes, such as lactic dehydrogenase, creatine kinase, and aldolase, have been known to increase in patients when there is damage to voluntary muscle. Although serum creatine kinase has been used extensively for neonatal diagnosis in Duchenne's muscular dystrophy and for camer detection in both Duchenne's and Becker's muscular dystrophy, it has been found to be of least assistance in diagnosing fascioscapulohumeral dystrophy, myotonic dystrophy, ocular myopathies, and congenital neuromuscular disorders because levels are only mildly elevated or In MyD, the level of serum enzymes is probably dependent on the total effect of several factors, such as age of the hor~e~,5,25,38,40,52 goats,3 I f i a , 3 9 . 5 3 and dogs, 1, 9, 14, 18, 21, 27, 30, 49, 51, 60 patient, age at onset of the disease, amount of ambulatory activity, and degree of muscle necrosis. 41 The clinical and pathological changes, mode of inheritance, and electromyographic studies in the LWC quails reveal a marked resemblance to M y D in humans. Although it has been shown that M y D in humans is caused by the unstable expansion of a CTG trinucleotide repeat found in the 3' untranslated region of a gene on chromosome 19 that encodes a protein k i n a~e ,~,~~,~~ this has yet to be investigated in the LWC quail, including other studies on biochemical and physiologic aspects causing the myotonia. Although the absence of any abnormal histology in the intrafusal fibers or intramuscular and peripheral nerves contained in the skeletal muscle sections suggests that the muscle lesions are primarily myopathic in origin, further investigation of the affected organ systems and their extent of involvement from the early stages through the advanced stages of the disease is necessary to further establish the pathogenesis of this new inherited muscular disorder in the myotonic LWC quail.
